Regression models were developed for prediction of days to first postpartum ovulation in Holstein cows milked twice daily. Variables subjected to least squares multiple regression analysis included experimental data collected during weeks 1 and 2 postpartum from 20 cows that ovulated first between 15 and 34 days postpartum. Changes in serum estradiol (AE), number of ovarian follicles ;~ 10 mm diameter (ANOF), coefficient of variation of serum LH and glucocorticoid concentrations (/XLHCV, /XGLCV), fat-corrected-milk (Z~FCM), energy intake (AMCAL) and percentage change in body weight (% z~BW) between weeks 1 and 2 postpartum were independent variables and days to first ovulation (DFO) was the dependent variable. A prediction equation with nine variables (/xE, ANOF, ALHCV, AGLCV, % Z~BW, /XE x /xNOF, /XLHCV x AFCM, &MCAL x %•BW and AFCM x % Z~BW) resulted in an R 2 value of .86 (adjusted R 2 = .74). The most important criteria for predicting DFO were AE, /XNOF and AE • ANOF. A conceptual model was proposed to describe endocrine events leading to initiation of cyclic ovarian activity in dairy cows. The model is based on evidence that early postpartum follicular development and estradiol secretion are stimulated by FSH secretion. Increased levels of estradiol then induce LH synthesis and release which in turn causes final follicular maturation and ovulation.
Introduction
Several studies have identified important factors involved in initiation of postpartum ovarian activity in dairy cows. In general, interval from parturition to first ovulation is about 3 weeks. Factors affecting this interval include frequency of milking (Carruthers et al., 1977) , level of and genetic potential for milk yield Whitmore et al., 1974) , rate of uterine involution Morrow, 1969) , rate of development of ovarian follicles t> 10 mm diameter (Wagner and Hansel, 1969; Oxenreider and Wagner, 1971) , pituitary and peripheral concentrations of gonadotropins (Saiduddin et al., 1968; Edgerton and Hafs, 1973; Echternkamp and Hansel, 1973 ; Dobson, 1978; Schams et al., 1978) , peripheral levels of estradiol-17/3 and progesterone (Echternkamp and Hansel, 1973; Smith et aL, 1973) , onset of episodic LH secretion (Carruthers et al., 1977; Stevenson and Britt, 1979) , and changes in body weight and energy intake .
However, no studies have attempted to integrate relationships among these factors and determine their contributions individually and collectively toward predicting days to first postpartum ovulation. The objective of this study was to examine relationships among changes in serum concentrations of estradiol-17/~, LH and glucocorticoids, number of ovarian follicles, milk yield, energy intake and body weight between weeks 1 and 2 postpartum and to develop a model for prediction of days to first ovulation in Holstein cows. Dept. of Animal Science.
Experimental Procedures
A least squares multiple regression model was developed for prediction of days to first postpartum ovulation (DFO) in Holstein cows. Experimental data used in the model were collected in a previous study (Stevenson and Britt, 1979) . 103 JOURNAL OF ANIMAL SCIENCE, Vol. 50, No. 1 (1980) Briefly, data were collected on 28 Holstein cows that calved between March and July, 1976 and ovulated first between 9 and 34 days after parturition. Only data from 20 cows whose first ovulation occurred after day 14 postpartum were used because prediction models utilized the arithmetic difference in variables between 1 and 2 weeks postpartum. Data utilized included: 1) serum concentrations of unconjugated estradiol-17/3 in samples collected twice weekly until first postpartum ovulation, 2) estimates of follicular development based on twice weekly examinations per rectum, 3) coefficients of variation of luteinizing hormone (LH) and glucocorticoid concentrations in blood samples collected at 15-rain (LH) or 30-min (glucocorticoids) intervals for 4 hr on days 7 and 14 postpartum, 4) daily milk yield during the first 2 weeks postpartum, 5) estimates of daily energy intake during the first 2 weeks postpartum, and 6) changes in body weight (expressed as percentage change) between weeks 1 and 2 postpartum. When data were collected twice weekly, measurements taken immediately preceding or on days 7 and 14 were used. Day of first ovulation was estimated from palpation of an ovulation fossa, and (or) from changes in serum progesterone concentrations, and (or) from estrous behavior. Ovulation was assumed to occur 1 day after estrus or 3 to 4 days prior to an increase in serum progesterone to > 1 ng/ml.
Means, standard deviations, minimum and maximum values for variables used in developing models are in table 1. Data were subjected to a multiple regression analysis employing the following basic model:
k=l where Yi represents days to first ovulation,/30 represents the intercept, p equals the number of independent variables, Xik is the kth independent variable,/3k is the partial regression coefficient corresponding to Xik, and E i is a random error associated with ith observation. Independent variables were expressed as the arithmetic difference (A) between weeks 1 and 2 (i.e., week 2 -week 1) in all cases except body weight which was expressed as a percentage change. Percentage change in body weight was used because calving weights were highly variable (404 to 670 kg). The independent variables were: XI = A Estradiol-17/3 (AE), X2 = A Number of ovarian follicles > 10 mm diameter (/xNOF), X 3 = /x Coefficient of variation of serum LH (ALHCV), X4 = A Coefficient of variation of serum glucocorticoids (AGLCV), Xs = /x Fat-corrected, age and season adjusted milk yield (AFCM), X 6 =/x Mcal energy intake (AMCAL), X7 = Percentage A body weight (%ABW), X8 = AE • ANOF, X9 = AE X ALHCV, Xl0 = ALHCV x AFCM, Xll --AFCM x AMCAL, X12 = %ABW X AMCAL and X13 = %ABW • AFCM.
A stepwise regression procedure was used initially to identify relative strengths of relationships between proposed independent variables and the dependent variable. Additional regression techniques including forward selection, backward elimination, procedure R 2 and maximum R z improvement (Draper and Smith, 1966; Barr et al., 1976) were also used. Using the maximum R 2 improvement technique, the "best" one-variable model, the "best" twovariable model, etc., was identified. The maximum R 2 improvement procedure is considered superior to the stepwise technique and is almost as good as calculating regressions on all possible subsets of independent variables (Barr et al., 1976) . The procedure begins by identifying the one-variable model producing the highest R 2 statistic. It then adds another variable which would produce the greatest increase in R 2. Once this two-variable model is obtained, each variable in the model is compared to each variable not in the model. For each comparison, the procedure determines if removing a variable in the model and replacing it with a presently excluded variable would increase R 2 . After all possible comparisons have been made, the exchange that produces the largest increase in R 2 is made. Comparisons are made again and the process continues until the procedure finds that no exchange would increase R 2. The two-variable model thus found is considered the "best" two-variable model the technique can produce. The technique then adds a third variable to the model according to the criteria used in adding the second variable and the procedure continues. Selected interactions, assumed to be of possible physiological significance in contributing to variation in DFO were incorporated in the model. Several transformation of DFO were examined (square root, sine, cosine, tangent, log10) and log10 transformation was optimal for increasing the coefficient of determination (R2).
Coefficients of determination were adjusted for the number of independent variables in a model by the following equation:
(2) (n --p) n = total degrees of freedom and p = number of independent variables (Neter and Wasserman, 1974) .
Results
A summary of the "best" fitting regression models is presented in table 2. Multiple R 2 values and adjusted R 2 values (~2) are shown. When all independent variables were included in the model (Model 13), the R 2 value was .88 (~2 = .61). However, the "best" model producing the largest ~2 was Model 9. Model 9 included AE, z~NOF, Z~LHCV,/xGLCV, %ABW, and interaction terms /XE • ANOF, ALHCV x AFCM, AMCAL x %ABW and AFCM x %ABW. It accounted for 86.4% (~2 = 74.2%) of the variation in days to first ovulation.
The F-ratios for Model 9 based on partial sums of squares are in table 3. The F-ratios provide a measure of the relative improtance of the nine variables with respect to variation in days to first ovulation. Changes in E and in NOF between weeks 1 and 2 postpartum were the most important variables for predicting DFO. Next in order of importance were AE X /xNOF, /XLHCV • /XFCM, /xLHCV, AGLCV, % ZXBW, AFCM x %ABW, and AMCAL x %ABW.
Partial regression coefficients for Model 9 are shown in table 4. Two of the three hormonal parameters (AE and /XLHCV), /XNOF and %ABW were inversely related to DFO; and all were significant variables (P<.05) in Model 9 (table 3). The remaining variables were positively related to DFO. Each of these variables was significant (P<.01) except the interactions, /XMCAL x %ABW and AFCM • %ABW (P>.05).
Effects of changes in the most important independent variables (ANOF, /XE, ALHCV, ZXBW and AGLCV) on DFO are graphically depicted in figures 1, 2, 3, 4 and 5, respectively. Partial regression indicates the contribution of each individual variable when all other variables are held constant, and in each case, partial regression was significant (see table 3).
Results depicted in figure 1 imply that early postpartum ovulations in this group of cows were associated with increases in NOF between weeks 1 and 2 postpartum. Figure 2 depicts a similar relationship between changes in E and DFO. Changes in NOF between weeks 1 and 2 appeared to be related to changes in E (r = .40, P<.IO). Figure 3 demonstrates that early ovulation was associated with an increase in the LHCV between weeks 1 and 2. Cows that had positive ~ also ovulated sooner (figure 4). In contrast to results in figures 1 to 4, cows that ovulated earliest had greater variability in GLCV during week 1 compared to week 2 (figure 5). Table 5 gives the residuals resulting from the prediction model (Model 9). In 17 of 20 observations, predicted DFO (Yi) were within 2 days of the observed DFO (Yi), and 10 of 20 were predicted within 1 day of the observed DFO.
Dis cu ssio n
Examination of Model 13 and succeeding models derived after elimination of the least significant variable from the previous model (table 2) indicates which variables account for the greatest proportion of variation in days to first postpartum ovulation.
Some variables (e.g.,/XNOF,/XLHCV, AE and It is not possible to establish cause and effect relationships from the models examined. Nevertheless, the best model examined accounted for over 70% of the variation in DFO. Thus, most of the important factors affecting DFO are included in this model. Exclusion of changes in FCM and MCAL between weeks 1 and 2 and the interactions AE X ALHCV and AFCM x AMCAL from Model 13 reduced the R 2 only 2%. Changes in energy intake and milk yield during the first 2 weeks postpartum appear to have little effect on ovarian activity; however, total lactation milk yield may be an important variable because Whitmore et al. (1974) concluded that intervals to first ovulation and estrus were more closely associated with milk yield than with energy intake. Incorporating total milk yield up to day 14 in Model 13 in place of ~FCM reduced the R 2 16% (data not shown) indicating that total 2-week milk yield did not contribute further to the model. Others Stevenson and Britt, 1979) have shown that increased milk yields are associated with increased intervals to first ovulation and first estrus. bpredicted DFO + half width of 95% confidence interval. Exclusion of energy related measures (AMCAL, %ABW, AMCAL x %ABW, AFCM, AFCM x AMCAL, AFCM x %ABW) from Model 13 had only negligible effects on its value for predicting DFO. Oxenreider and Wagner (1971) found that restricting energy intake sufficiently to cause significant reduction in blood glucose levels in postpartum cattle had no effect on interval to the development of ovarian follicles > 10 mm diameter or on interval to first ovuahion.
Excluding %ABW from Model 9 reduced the R 2 about 4%. Previous work showed that postpartum body weight loss was greater in Figure 3 . Partial regression of days to first ovulation (DFO) on change in coefficient of variation of serum LH concentrations from week 1 to week 2 (6LHCV). For illustration, log10 DFO was transformed to DFO. milked cows than in suckled (two calves) or nonmilked cows, but weight change had no effect on interval to first ovulation . Body weight change is a poor measure of energy balance in lactating cows (Coppock et al., 1974) and may be confounded with body condition at calving in terms of its effect on postpartum ovarian activity (Wiltbank, 1974) . In the present study, %ABW was inversely related to DFO (figure 4). A previous study indicated that cows that had the smallest weight losses during the postpartum period had the shortest intervals to formation of the first postpartum corpus luteum (Menge et al., 1962) .
In postpartum cows milked twice daily, basal serum glucocorticoids vary greatly (Edgerton and Hafs, 1973) and appear to have no relation to milk yield (Koprowski and Tucker, 1973) or interval to first ovulation (Stevenson and Britt, 1979) . However, in the present analysis, GLCV decreased from week 1 to week 2 in cows that ovulated earlier, whereas this relationship was reversed in those that ovulated later (figure 5). Perhaps this observation reflects earlier adjustment to the metabolic demands of lactation in the early-ovulating COWS. Change in LHCV from week 1 to week 2 was inversely related to DFO (figure 3). Previous reports (Carruthers et al., 1977; Stevenson and Britt, 1979) have shown that increased serum LH and early onset of episodic LH release were associated with earlier first ovula- Figure 4 . Partial regression of days to first ovulation (DFO) on percentage change in body weight from week 1 to week 2 (%gBW). For illustration, log10 DFO was transformed to DFO. tions in both suckled and milked cows. Increased milk yield (Stevenson and Britt, 1979) or increased milking frequency (2x vs 4x; Carruthers et al., 1977) resulted in a delayed rise in serum LH, number of episodic LH peaks and a prolonged interval to first ovulation.
In Model 9, the two most important independent variables were AE and ANOF (table 3) . Importance of these variables is understandable because early postpartum ovulation would necessitate early ovarian follicular development and estradiol secretion in response to FSH secretion (Morrow, 1969; Wagner and Oxenreider, 1971; Echternkamp and Hansel, 1973; Dobson, 1978) . It is feasible to assume that the response of small follicales to FSH stimulation results in early postpartum development of several preovulatory antral follicles and an increase in estrogen secretion. Early estrogen secretion may stimulate an increase in serum LH concentrations via positive feedback relationships (Hobson and Hansel, 1972) . Early postpartum increases in LH secretion and early onset of episodic LH release were associated with earlier postpartum ovulations in previous studies (Carruthers et al., 1977; Stevenson and Britt, 1979) .
The interaction between AE and ANOF ranked third in importance in Model 9 (table  3) , however, its biological significance is not clear. Examination of data from individual cows revealed two distinct patterns of changes in E and NOF from week 1 to week 2. The first pattern (eight cows) was characterized by increased E and increased NOF, while the second pattern (12 cows) was characterized by a decline in E and only a small increase in NOF. The first pattern may reflect normal follicular development in response to estradiol-induced increases in serum LH levels, while the second may represent a period of follicular inactivity or atresia with corresponding low levels of estradiol-17/3.
Based on data from the present study and results reported previously, we propose the following model for the physiological events leading to initiation of cyclic postpartum ovarian activity in dairy cattle: 1) At the hypothalamo-hypophyseal axis LH synthesis and secretion are suppressed by high peripheral levels of estrogen and progesterone during late pregnancy. In contrast, FSH synthesis is not altered, but its secretion is suppressed by high endogenous steroid levels. Both the FSH and LH response to exogenous GnRH is reduced during late pregnancy in ewes (Chamley et al., 1974a,b) and cattle .
2) At parturition, pituitary content of FSH and LH are inversely related. Pituitary FSH content decreases between days 1 and 20 postpartum while pituitary LH content increases (Saiduddin et al., 1968) . During this early postpartum period, systemic concentrations of FSH increase (Dobson, 1978; Schams et al., 1978) and pituitary responsiveness to GnRHinduced LH release is rapidly regained (Kesler et al., 1977) .
3) Follicular growth during the early postpartum period apparently results from surges of FSH secretion in the face of rather low LH levels. Lactation (suckling) has been shown to be a more potent inhibitor of LH than FSH secretion in rats (Ford and Melampy, 1973; Smith and Neill, 1977) , monkeys (Weiss et al., 1976) , and cattle (Dobson, 1978; Schams et al., 1978) . In the present study, early positive ANOF was associated with early ovulation, suggesting that increased number of antral follicles between weeks 1 and 2 are requisite for subsequent ovulation. 4) Increased estrogen excretion from developing follicles presumably exerts a positive feedback on LH secretion because LH levels rise (Echternkamp and Hansel, 1973) and its secretion becomes episodic in nature (Stevenson and Britt, 1979) . Increased LH secretion accompanied by sustained levels of FSH provides the final preovulatory stimulation for follicle development. Changes in LHCV in the present study further indicate that the increased number of LH peaks (eipsodes) that accompanies increased LH secretion is an important physiological event associated with increased estrogen secretion and follicle development prior to first ovulation. Studies with late luteal phase ewes have suggested that increased frequency of LH pulses between luteolysis and the LH surge generates the preovulatory estradiol rise (Baird, 1978) . This positive relationship between estrogen and LH secretion is further substantiated by reports that magnitude i of the LH response to GnRH in postpartum dairy cows is positively related to systemic levels of estradiol as well as postpartum interval (Kesler et al., 1977; Fernandes et al., 1978) . In the absence of preovulatory progesterone (Echternkamp and Hansel, 1973; Stevenson and Britt, 1979) , estrogen probably cannot suppress tonic gonadotropin release. Both progesterone and estradiol are necessary to inhibit tonic LH secretion in ewes (Karsch et al., 1977) and cattle (Beck et al., 1976) . 5) Finally, estrogen secretion increases sufficiently to induce a surge of both FSH and LH which leads to onset of the ovulatory ' process in a Graafian follicle(s) and the first postpartum estrous cycle is initiated. A similar model has been proposed for initiation of estrous cycles in the pubertal ewe (Ryan and Foster, 1978) .
Prediction models in the present study are based on data from 20 normal Holstein cows milked twice daily in one herd. As such, the models may be of limited use in predicting DFO for cows from other herds even though range in DFO in the present study was similar to that reported by others (Echternkamp and Hansel, 1973; Edgerton and Hafs, 1973; Carruthers et al., 1977) , and is probably representative of Holsteins. Attempts should not be made to use these models to extrapolate to ranges of observed DFO outside of ranges reported in this study until further testing of models on independent data sets has been completed. Nor should the models be used to predict DFO for cows with aberrant ovarian function (i.e., cystic ovarian follicles)following calving.
Results from this study provide evidence that magnitude of change in certain endocrine and nonendocrine traits over some critical time period is more important in controlling a subsequent physiological event than is the absolute magnitude of these traits at some fixed point in time. Models similar to those presented here may be useful for more accurately identifying endocrine and nonendocrine traits that have the greatest influence on DFO.
